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Abstract. In this study consideration is given to the po-
tential use of radar-derived quantitative precipitation esti-
mates (QPE) as ﬂash ﬂood guidance in the context of the
Italian Civil Protection ﬂood risk management system. The
interest in high precipitation intensities and accumulation
motivated the case study of the 26 September 2007 event,
in which a quasi-stationary mesoscale convective system
brought within3–6h 40% ofthe mean annual precipitation to
the wider Venice-Mestre area, i.e. 260mm in Venice-Mestre
and 325mm in closeby Valle Averto.
Comparison of the radar-derived QPE in the area with
the rain gauge network revealed a good correspondence for
warm season rainfall, both for daily accumulations in the
longterm (about 2years) and hourly accumulations for the
case under consideration. The long term average radar to
gauge ratio is very close to 0dB with an uncertainty of ap-
proximately ±3dB, i.e. roughly a factor of two, slightly bet-
ter for higher precipitation intensities. For the hourly accu-
mulations during this very intense event the spread is similar,
while the average is slightly positive.
Thelocationsoftherainfallaccumulationmaximumasde-
tected, respectively, by the radar and by the rain gauge net-
work do not coincide. Given the relatively good quality of
the precipitation estimation, it is argued that these areas ef-
fectively have received even larger rainfall amounts, and that
it is worthwhile to further investigate the potential of radar to
be used as ﬂash ﬂood guidance.
1 Introduction
In 1992 the Italian National Department of Civil Protection
(DPCN) was conferred the responsibility to promote pub-
lic safety and to protect the lives and property of the Italian
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citizens by setting up an organization able to perform an ef-
fective emergency management (Italian-Government, 1992,
2000). Within the palette of natural hazards the hydromete-
orological hazard is a relatively frequent one and can con-
stitute a major threat to life and property. In a relatively
recent Directive of the President of the Council (Italian-
Government, 2004) operational guidelines were laid out for
the national and regional alert management related to the hy-
drogeological and hydraulic risk. The alert system is built on
concerted operations of national and regional units of Civil
Protection on one side and hydrometeorological monitoring
and forecasting services on the other.
A ﬁrst implementation of this hydrometeorological alert
system relies on empirically determined ﬂash ﬂood guid-
ances, i.e. rain gauge-derived threshold values for the alert
areas into which the Italian territory has been subdivided.
These values are speciﬁc for a given watershed and depend
on the time period in which a certain amount of precipitation
is expected, as well as on the antecedent moisture conditions
of the soil. The ﬂash ﬂood guidances are evaluated on the ba-
sis of local and regional rain gauge networks and correspond-
ing stream ﬂow observations, and rely on point observations
which are assumed to be representative for a given area with
a typical size of the order of 100km2 for a dense network.
In the case of severe and localized convection the rain gauge
network does not necessarily sample the maxima of the pre-
cipitation so that the ﬂood warning could be underestimating
or late for the given area. This implementation is subject to
improvement, for instance by making use of the relatively
dense radar coverage in Italy to achieve better spatial cover-
age, or numerical weather prediction guidance at short and
medium range to extend the warning lead time (Rotach et al.,
2009). Germann et al. (2006) report that the Swiss National
Meteorological Service operates an automated alert system
based on their radar network and highlight the high demands
put on the accuracy of radar estimates.
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Meteorological radars, by virtue of their high spatial and
temporal resolution, are a natural means for monitoring pre-
cipitation events and, therefore, are an optimal candidate
for an improved ﬂood warning tool. Radars typically de-
liver quantitative precipitation estimates (QPE) on a one-
kilometer grid every 10min, or less. This is especially rel-
evant in view of the deployment of hydrological models,
which have become spatially distributed and provide a basis
for an effective use of such data (Zappa et al., 2008; Germann
et al., 2009).
Unfortunately, the error characteristics of radar derived
QPE can be very variable both in time and space. The error
sources are well known and documented (Michelson et al.,
2004), but systematic description or quantiﬁcation of the un-
certainty is still subject of current applied research. As a
matter of fact, in the framework of the ongoing COST 731
Action “Propagation of Uncertainty in Advanced Meteo-
Hydrological Forecast Systems” (Rossa et al., 2010) several
approaches to translating radar QPE quality information into
quantiﬁed uncertainty are explored (Germann et al., 2009;
Sempere-Torres et al., 2008). They use the statistical prop-
erties of the error to construct equiprobable QPE ensemble
members which span a sort of envelope of possible outcomes
effectively yielding an uncertainty band. These ensemble
members can then be fed as input to a hydrological model
to produce an ensemble of streamﬂow simulations which al-
low the evaluation of the probability of exceedance of some
critical ﬂow level (Germann et al., 2009).
Attenuation can be a major source of underestimation
when the radar beam propagates across regions of in-
tense precipitation, especially at wavelengths of C-band and
smaller (e.g., Hitschfeld and Bordan, 1954). Dual polariza-
tion radars help, to some extent, correct for attenuation ef-
fects by taking into account phase measurements. Without
dual polarization capabilities the impact of attenuation on
QPE is strongly dependent on where relative to the radar the
intense precipitation is occurring, while correction is very
difﬁcult (e.g., Illingworth, 2004). The recent renewed in-
terest in X-band radar technology has signiﬁcantly pushed
the research for methods to correct for attenuation, most
of which are based on dual polarization and/or redundancy
(Testud, 2004; Gorgucci and Chandrasekar, 2005).
In the present study the question is investigated whether
QPE derived from the Veneto radar network has the poten-
tial for being used quantitatively for ﬂash ﬂood guidance. It
is addressed for the case of an extreme rainfall event which
took place 26 September 2007 in the area of Venice Mestre,
while an analysis for two warm seasons provide the statisti-
cal background. Rain gauge observations are compared with
the radar derived QPE of the network of ARPA Veneto, the
Regional Agency for Environmental Protection and Preven-
tion of Veneto. Section 2 brieﬂy outlines the ARPA Veneto
monitoring network, Sect. 3 describes the dynamics and the
precipitation of the event, while Sect. 4 reports the radar QPE
analysis. Conclusions are given in the ﬁnal Sect. 5.
2 Observational data
Observations used for this analysis were acquired from
the automatic weather station (AWS) network of the Re-
gional Agency for Environmental Protection and Preven-
tion of Veneto (ARPAV), which totals roughly 200stations,
and the two C-band Doppler radars located on Mt. Grande
(472ma.s.l.) on the central part and at Concordia Sagittaria
(10ma.s.l.) on the eastern part of the Veneto plain (Fig. 1).
The real time rain gauge network consists of 161 tipping
bucket gauges. The products used in this study are:
– rain gauge quantitative precipitation estimates (QPE) in
hourly and daily accumulation;
– radar-derived quantitative precipitation estimates (QPE)
in hourly and daily accumulation.
The two radars are EEC single polarization Doppler radars
working at C-band. Their data are post processed by the Hy-
drometeorologicalDecisionSupportSystemHDSS(Conway
et al., 2007). Here a number of quality control algorithms are
applied and surface QPE is derived in the QPE-SUMS algo-
rithm (Gourley et al., 2001).
The period for the case study is from 26 September 2007
00:00UTC to 27 September 2007 00:00UTC. For the eval-
uation of the climatological performance of the radar QPE
relative to the rain gauge measurements the period from 15
September 2006 to 10 November 2008 was considered with
a data availability of about 80%. In particular, this evaluation
was done for the two warm seasons taken as the months from
April to September.
3 Synoptics of the 26 September 2007 case
The rainfall event which hit the urbanized area of Venice
Mestre is to be considered exceptional, both in terms of
rainfall intensities (up to 120mm/h, 90mm/30min, and
24mm/5min), and overall accumulation (320mm/6h). The
synoptic situation was dominated by a surface low located
on the Gulf of Genoa associated with an upper-level trough,
which advected cold air from Northern Europe towards the
Alps and subsequently onto Veneto. The vertical wind shear
associated with the trough, along with the instability brought
about by the linked cold air advection, gave rise to organized
convective activity.
Around midnight ﬁrst convective cells developed some
20km west of Mestre. These were followed by a low-topped
supercell exhibiting an echo top between 6 and 7km and
a clear weak echo region (Fig. 2), typical for this kind of
thunderstorm (e.g., Lemon and Doswell, 1979). Interac-
tion of the outﬂow of this supercell with the south-easterly
low-level winds over the adjacent Adriatic Sea formed a
convergence line. This line triggered a second low-topped
supercell about one hour later which lasted until about
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Fig. 1: The political region Veneto is located in north-eastern Italy. The two ARPAV C-band radars 
are sited at Mt. Grande 25\,km southwest of the city of Padova and Concordia Sagittaria 50km 
northeast of Venice ($128\,km$ range ring indicated). The 26 September 2007 flood event occurred 
just west of the city of Venice over completely flat terrain. 
 
 
 
Fig. 2: Reflectivity of the Mt. Grande radar on a quasi-horizontal plane (PPI 0.8\degree) for 26 
September 2007 00:40\,UTC (left panel) and vertical cross section along the white line A--B. The 
circle on the left panel correspond to the $128\,km$ range, and the tick marks on both axes is in 
$km$. 
Fig. 1. The political region Veneto is located in north-eastern Italy.
ThetwoARPAVC-bandradarsaresitedatMt.Grande(472ma.s.l.)
25km southwest of the city of Padova and Concordia Sagittaria
(10ma.s.l.) 50km northeast of Venice (128km range ring indi-
cated). The 26 September 2007 ﬂood event occurred just west of
the city of Venice over completely ﬂat terrain. The rectangle de-
notes the zoom shown in Fig. 7.
03:20UTC (not shown). Both supercell thunderstorms were
associated with high precipitation rates, but still were largely
conﬁned west of the area of ﬂooding.
Towards 04:00UTC the type of convection changed from
supercellular to multicellular (Fig. 3) when low-level warm
and humid Adriatic air began feeding directly into the system
from the east to form a mesoscale convective system (MCS,
e.g. Weisman and Klemp, 1982; Schiesser et al., 1995). The
ﬂow conﬁguration at this stage was such that the continuous
regeneration of convective cells took place in the relatively
circumscribed area of some 20×40km2 around and west of
Venice Mestre. The MCS became quasi-stationary for about
4h, during which the exceptionally high rainfall rates and
accumulations were recorded.
After about 08:00UTC the MCS propagated slowly east-
wards and reached the Adriatic Sea by early afternoon. Ac-
cordingly, the rain started to decrease after 08:00UTC and
stopped after midday over the area of interest. Note that the
MCS still exhibited signiﬁcant rain intensities throughout the
afternoon, but being located over the Sea, they did not add to
the hydrological emergency.
The salient features of this event were the very high rain-
fall intensities, and the overall rainfall accumulation which
hit the relatively localized surroundings of the heavily ur-
banized area of Venice Mestre. Figure 4 shows the daily
rainfall accumulation of the ARPAV rain gauge network.
Note that these values were not corrected for wind which
can lead to signiﬁcant underestimation (WMO, 1994; Nespor
and Sevruk, 1999). The largest accumulations were recorded
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Fig. 2. Reﬂectivity of the Mt. Grande radar on a quasi-horizontal
plane (PPI 0.8◦) for 26 September 2007 00:40UTC (left panel) and
vertical cross section along the white line A–B. The circle on the
left panel correspond to the 128km range, and the tick marks on
both axes correspond to steps of 1km.
 
 
 
Fig. 3: As in Fig. 2 but for 26 September 2007 08:50\,UTC (left panel) and vertical cross section 
along the white line A--B. 
 
Fig. 3. As in Fig. 2 but for 26 September 2007 08:50UTC.
at Mestre with 260mm, and Valle Averto 325mm, values
which were concentrated well within 6h. The intensities
reached values as high as 90mm/30min, 120mm/1h, and
200mm/3h.
In summary, the concerted interplay between an upper-
level trough with its associated divergence aloft, the mod-
erate vertical shear in the lower half of the troposphere, the
low-level convergence, and the source of warm and humid
air from the Sea produced and sustained for several hours
this quasi-stationary multicellular MCS.
4 Radar data analysis
Deriving precipitation estimates from radars is an ongoing
challenge, especially at longer distances from the radar and
in complex terrain (Meischner, 2004). The area of Venice
Mestre is completely ﬂat and located some 40km east of
the Mt. Grande radar, i.e. the radar visibility for the area is
optimal. As a matter of fact, the ratio of the precipitation
accumulation for the April–September months contained in
the period 15 September 2006–10 November 2008 for the
radar Pradar and eleven rain gauges Pgauge in the area is very
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Fig. 4: ARPAV rain gauge network 24-hour rainfall accumulation (in mm) for the 26 September 
2007. The network transmitting data in real time consists of 161 tipping bucket rain gauges. The 
crosses in the area of the rainfall maximum indicate the rain gauge location for stations Mestre (to 
the north) and Valle Averto (to the south).  
 
Fig. 4. ARPAV rain gauge network 24-h rainfall accumulation for
26 September 2007. The network consists of 161 tipping bucket
rain gauges. The crosses in the area of the rainfall maximum indi-
cate the rain gauge location for stations Mestre (to the north) and
Valle Averto (to the south).
close to one. The variability of this correspondence can be
measured in decibel, i.e. in the form of
AF=10·log
Pradar
Pgauge
(1)
derived from daily accumulations which are larger than
0.3mm for the same data set (Fig. 5 left panel). The radar
error cumulative distribution display (Germann et al., 2006)
for the occurrence of rain shows a good overall agreement
revealing that the median, a robust indicator of the average
value, is only slightly positive (0.18dB). This indicates that
the radar QPE is almost unbiased. The spread, here measured
as the distance between the 16th and the 84th percentile, is
a bit larger than ±3dB, i.e. the variability is mostly within a
factor of two. The shape of the distribution further indicates
thatunderestimationandoverestimationareaboutinbalance.
The probability of detection (POD) of rain by the radar at the
gaugelocationsis95%withacorrespondingfalsealarmratio
(FAR) of 21%.
The same analysis for higher rainfall accumulations draws
a slightly different picture. For an intensity threshold of
10mm/24h (Fig. 5 right panel) the median is very slightly
negative (–0.13dB) with an overall bias of 0.84. The spread,
on the other hand, is smaller than ±3dB, indicating less vari-
ability. The POD, however, drops to 75%, while the FAR
rises to 28%, values that further degrade for the 30-mm/24-h
threshold.
When looking at hourly accumulations for the 24-h period
under investigation, the spread, and therefore the uncertainty,
does not increase, it actually decreases slightly, while the
median is about 1dB (not shown). Examination of the time
series of hourly rainfall accumulation for the 26 September
2007 case yields the correspondence between radar and rain
gauge for the urban area of Mestre in terms of single radar
pixel collocated with the rain gauge location, the mean, the
maximum, and the minimum of the 3×3radar pixels cen-
tered on the rain gauge location (Fig. 6 left panel). Agree-
ment is best during the phases of moderate rainfall, while
the single radar pixel corresponding to the rain gauge loca-
tion underestimates during the highest rainfall intensities be-
tween 06:00 and 07:00UTC. Here the maximum value of the
3×3pixels centred around the rain gauge location shows bet-
ter agreement. Figure 6 right panel draws the same picture
for the rain gauge station of Valle Averto.
For a precipitation event of this intensity it is important to
assess the effects of attenuation of the C-band radar signals
which are converted into QPE. Again, the event under ex-
amination is well located as the Mt. Grande radar is sited to
the west and the Concordia Sagittaria radar to the east of the
main precipitation area offering some degree of redundancy
(see Figs. 1 and 7). The signs of evident severe attenuation
that emerge from the inspection of the single-radar reﬂectiv-
ity images are not located in the area of maximum rainfall,
but rather behind it (not shown). It is likely, though, that the
observed values can be thought of as lower limits for the true
value. These effects notwithstanding, the 24-h radar QPE
accumulation reach maximum values up to 500mm and do
not coincide with the rain gauge locations. Although the ex-
tent of the attenuation is not quantiﬁed it is safe to state that
its impact on the 24-h accumulation is at best neutral, more
likely to underestimate rainfall. This makes it even more
probable that the localized radar QPE peaks, which exceed
the values retrieved over the rain gauge locations, are indica-
tive for effectively higher rain fall rates.
5 Conclusions
In this study consideration was given as to what extent high
orveryhighradarderivedQPEvaluescouldbetakenasﬂood
alert guidance. Such information, provided in real time, can
be extremely useful for local civil protection defense activi-
ties, which are largely based on precipitation thresholds. The
inferences drawn from the single case study performed on an
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Fig. 5 left panel: Error distribution cumulative contribution to total daily rainfall as a function of 
radar–gauge ratio (dB) for days with radar and gauge $\geq 0.3\,mm$ \citep{germann-etal06} for 
the warm seasons (April -- September) within the period 15 September 2006 -- 10 November 2008 
(left panel). Eleven rain gauge stations in the area surrounding Mestre have been included in the 
analysis. The right panel is for days with intense precipitation defined here as days with radar and 
gauge $\geq 10.0\,mm$. The vertical dashed lines delineate the 16th, 50th, and 84th percentile, the 
continuous bold line the perfect distribution. The percentile values are taken as robust indicators of 
the mean and the spread of the error distribution. 
 
 
Fig. 5 right panel. 
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Fig. 5 right panel. 
Fig. 5. Error distribution cumulative contribution to total daily rainfall as a function of radargauge ratio (dB) for days with radar and gauge
≥0.3mm (Germann et al., 2006) for the warm seasons (April–September) within the period 15 September 2006–10 November 2008 (left
panel). Eleven rain gauge stations in the area surrounding Mestre have been included in the analysis. The right panel is for days with intense
precipitation deﬁned here as days with radar and gauge ≥10.0mm. The vertical dashed lines delineate the 16th, 50th, and 84th percentile,
the continuous bold line the perfect distribution. The percentile values are taken as robust indicators of the mean and the spread of the error
distribution.
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Fig. 6: Comparison of the hourly rainfall accumulation of the Mestre rain gauge (blue bars) with a 
number of radar-derived product for the first half day of 26 September 2007. The purple bars denote 
the value of the radar pixel corresponding to the location of the Mestre rain gauge station, while the 
yellow, light blue and dark blue bars refer to the minimum, maximum and average value of the 3 
times 3 radar pixels centerd around the rain gauge location. 
 
Valle Averto - hourly precipitation
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Fig. 7: As in Fig.\,\ref{fig:bar-mestre} but for rain gauge station Valle Averto. 
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Valle Averto - hourly precipitation
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Fig. 7: As in Fig.\,\ref{fig:bar-mestre} but for rain gauge station Valle Averto. 
 
Fig. 9.
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Fig. 6. Comparison of the hourly rainfall accumulation of the Mestre rain gauge (blue bars) with a number of radar-derived product for the
ﬁrst half day of 26 September 2007 (left panel). The purple bars denote the value of the radar pixel corresponding to the location of the
Mestre rain gauge station, while the yellow, light blue and dark blue bars refer to the minimum, maximum and average value of the 3×3radar
pixels centred around the rain gauge location. Right panel for rain gauge station Valle Averto.
exceptional rainfall event, which brought up to 40% of the
mean annual rainfall in only 3–6h, and the two-year statisti-
cal analysis, are as follows:
– C-band radars have the potential to quantitatively moni-
tor heavy precipitation events in ﬂat areas which are not
located too far from the radar;
– for the larger Mestre area and for the two warm seasons
2007 and 2008 the radar to gauge comparison gives bet-
ter results for only intense daily precipitaton accumu-
lation, when compared to the precipitation occurrence
(i.e. including light and moderate precipitation); how-
ever, probability of detection (POD) decreases and false
alarm ratio (FAR) increases for the higher precipitation
intensities;
– comparison of hourly radar with the rain gauge accumu-
lations for the event shows good agreement for moder-
ate rainfall intensities, and underestimation of the radar
for the highest rainfall intensities;
– the locations of the maximum 24-h rainfall accumula-
tion in the radar QPE and the rain gauge network do not
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Fig. 8: 24-hour radar QPE accumulation (in mm) for the ARPAV composite as processed by the 
HDSS QPESUMS algorithm. Note that the precipitation scale is logarithmic up to 160\,mm and 
then linear. The crosses in the area of the rainfall maximum indicate the rain gauge location for 
stations Mestre (to the north) and Valle Averto (to the south). 
Fig. 7. 24-h radar QPE accumulation (in mm) for the ARPAV com-
posite as processed by the HDSS QPESUMS algorithm. The ge-
ographical zoom is indicated in Fig. 1. Note that the precipitation
scale is logarithmic up to 160mm and then linear. The crosses in
the area of the rainfall maximum indicate the rain gauge location for
stations Mestre (to the north) and Valle Averto (to the south). The
tick marks denote the 1km grid on which the radar QPE is analyzed.
coincide, a fact that suggests that this area has received
even more rainfall than what was recorded by the rain
gauge network;
– further evaluation of radar-based ﬂash ﬂood guidances
for the ﬂat area of the Venice Province seems worth-
while.
The quantiﬁcation of the uncertainty in the radar-derived
QPE is extremely difﬁcult, especially for exceptional and
therefore rare precipitation intensities like those presented
forthiscase. Statistically, aspreadof±3dBZcentredaround
a median of 0dBZ means that half of the time the radar sees
typically between 50–100% and half of the time between
100–200% of what the gauge records. Less frequently these
discrepancies are even larger. The fact that POD and FAR are
less favorable for higher intensities, when this information
becomes important, adds to the uncertainty. However, for
the case presented here the very high intensities, as observed
by the radar, are compatible with the hydrological and hy-
draulic effects observed. In a ﬂat and densely populated area
like the Po Valley concentration times for catchments are in
the order of 12h, i.e. the surface runoff is relatively slow and
hydrological response can be very local and not conﬁned to
particular portions of the watershed. Therefore, signalling
such localized rainfall maxima, typical for convective events
and which can be missed even by dense rain gauge networks,
constitutesa relevantpieceof informationtojudge theproba-
bility of local ﬂooding and manage civil protection activities.
The case study character of the present work constitutes a
clear limitation. Longer periods will be analyzed in order to
increase the statistical signiﬁcance of the radar-to-gauge cor-
respondence for the relevant higher precipitation accumula-
tion thresholds. Also, the cold season precipitation, which
can lead to even greater hydrological hazard, are not ad-
dressed by the presented statistical analysis. These events,
however, are characterized by more widespread and longer-
lasting precipitation, and are typically fairly well captured by
current high-resolution rain gauge networks.
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